The impact of different reproductive barriers on species or population isolation may vary in different 22 stages of speciation depending on evolutionary forces acting within species and through species' 23 interactions. Genetic incompatibilities between interacting species are expected to reinforce 24 prezygotic barriers in sympatric populations and create character displacement between conspecific 25 populations living within and outside the area of sympatry. The outcome of reinforcement has been 26 suggested to be affected by the strength of postzygotic barriers, the history of species coexistence, 27 and the impact of species abundancies on females' discrimination against heterospecific males. We 28 tested these predictions in Drosophila montana and Drosophila flavomontana populations from 29 different geographic regimes. All barriers between D. montana females and D. flavomontana males 30 were extremely strong, while in the reciprocal cross postzygotic isolation was less effective and the 31 target of reinforcement varied according to population type. In long-established sympatric 32 populations, where D. flavomontana is abundant, reinforcement targeted sexual isolation, and in 33 populations, where this species is a new invader and rare, reinforcement targeted postmating 34 prezygotic barriers. Reinforcement of these barriers also created respective barriers between different 35 D. flavomontana populations. These findings show that interspecies interactions have far-reaching 36 effects on strengthening species barriers and promoting speciation.
Introduction 38
Past and present climate change and human activity have induced shifts in species' distribution, which 39 has had a strong impact on species interactions and speciation. When geographically or ecologically 40 isolated populations or diverging species spread in the same area/habitat, their interaction may lead between some Drosophila species has been found to be enhanced by Wolbachia infection (Clark et 174 al. 2006 ), we tested for the presence of Wolbachia via PCR on two females and males per study strain 175 (see detailed information in Table S2 -S3) and by investigating the whole-genome sequences of four 176 D. montana and five D. flavomontana strains. We found no evidence of Wolbachia genomic products 177 in our samples. Therefore, any reproductive incompatibilities in our study are not explained by this 178 endosymbiont and we do not discuss this further. 179 Strains were maintained and experiments performed in continuous light at 19 ± 1°C and 60-70% (Table S1 ). 190 Postzygotic barriers between D. montana and D. flavomontana were studied by quantifying the 191 viability, sex ratio and fertility of hybrid offspring from reciprocal interspecific crosses. F 1 hybrids 192 were obtained by putting 10 females of one and 10 males of the other species into a malt vial (20 193 replicates for each reciprocal cross) and transferring them into a fresh vial once a week for about one 194 month. Viability of F 1 hybrids was determined by counting the number of 3 rd instar larvae and females 195 and males that were viable at least 24 hours after emergence (note that numbers of earlier stage larvae 196 could not be counted reliably). In intraspecific controls, 5 conspecific females and males were put 197 into a malt vial and transferred into a new vial every day for a week to prevent overcrowding (one 198 replicate for two strain pairs per population type), and the same traits were measured. 199 Interspecific F 1 hybrids were collected from the vials within three days after eclosion. Their fertility 200 was measured as the ability to produce progeny (at least one larva) when backcrossed to either D. 201 montana or D. flavomontana. Each female (or male) hybrid was given a choice between males (or 202 females) of both parental species. Hybrids that did not mate in the first trial were used in up to two 203 more trials. Fertility of intraspecific F 1 hybrids was studied by performing single-pair matings 204 between F 1 females and F 1 males from the same cross. 205 All statistical analyses were conducted in R (Version 3.4.3; R Core Team 2017) and R studio (Version 206 1.1.383). We tested whether viability of intra-and inter-specific F 1 hybrids varied among crosses or 207 among population types within a cross using generalized linear mixed model (GLMM), with viability 208 as response variable and cross or population type as an explanatory variable. These analyses were 209 done using glmer function of nlme package (Pinheiro et al. 2018 ) and specified a binomial distribution 210 with logit link. Strains were treated as a random effect (nested within population type and cross). In 211 one mon♀×fla♂ cross variation of a response variable was low (excess of zeroes), and a chi squared 212 likelihood ratio test instead of a z-test was used to test the significance. We also used one-sample 213 student's t tests using t test function of the stats package to test whether the proportion of female F 1 214 hybrids differed from the expected 0.50 among crosses and population types, and whether fertility of 215 F 1 hybrid females and males deviated from the expected 1. Detailed statistics (degrees of freedoms, 216 test statistics, P-values) and additional information on results are reported in Supporting Materials.
189

POSTZYGOTIC BARRIERS
217
PREMATING SEXUAL ISOLATION AND IMPORTANCE OF COURTSHIP CUES
218
Multiple-choice and no-choice tests 219 The magnitude of sexual isolation between D. montana and D. flavomontana was quantified using 220 both multiple-and no-choice tests between 9 am -11 am for each trial. For multiple-choice tests, 30 221 of each sex of both species were introduced into a 6cm 3 Plexiglas mating chamber without anesthesia 222 (see Jennings et al. 2014 ). Mating pairs subsequently were removed by aspiration through holes in 223 the mating chamber walls and identified by color (D. montana is darker than D. flavomontana). In
224
Terrace population, where the color differences were smaller, different strains were marked by 225 feeding individuals either red-or blue-colored food, altering the colors between trials (see Wu et al. 226 1995) . No-choice tests involved reciprocal trials of 30 females of one and 30 males of the other 227 species. The protocol was the same as in the multiple-choice tests, except that individuals were 228 observed for 2 hours. Controls for the no-choice tests were obtained by performing reciprocal crosses 229 between two conspecific strains per population type (Table S1 ). Both multiple-and no-choice 230 experiments were replicated five times (controls for no-choice tests one replicate), and mated females 231 from no-choice tests were saved for PMPZ studies (see below). Sexual isolation was also studied 232 between conspecific D. flavomontana strains comparing each population type using multiple-choice 233 tests, and replicated three times, as described for heterospecific crosses (Table S1 ). In these 234 experiments the flies of each strain were always marked with a different color, as explained above.
235
The strength of sexual isolation was calculated based on the first 50% of matings in multiple-choice Rolan-Alvarez 2006). Here the index of sexual isolation, I PSI , is calculated from the total number of 238 each type of mating pair, and the asymmetry index, I APSI (ab/ba), calculates potential differences in 239 female preference for heterotypic males in reciprocal crosses. I PSI ranges from -1 to 1, -1 denoting 240 disassortative mating, 0 random mating and 1 complete sexual isolation, and I APSI is calculated by 241 dividing heterotypic I PSI -values with each other. Significance of each index was determined by 242 bootstrapping 10 000 times in JMating.
243
Interspecific no-choice tests were analyzed as a proportion of mated females using generalized linear 244 mixed model (GLMM) with binomial distribution using crosses and population types within a cross 245 as an explanatory variable as described in the section "Postzygotic isolation" above. Table S4 ). CHC extractions were performed in the morning by immersing was very low compared to that of the intraspecific crosses, except in Sympatry F (Fig. 3C ). Due to 378 small sample sizes, sex-ratio bias could not be tested statistically in these interspecific crosses. hybrid viability was significantly lower than in intraspecific crosses (Fig. 3D , Table S5 ). The opposite 382 pattern was seen for sex-ratio bias: compared to intraspecific crosses, F 1 hybrids between Allopatric Table S5 ).
386
To determine F 1 hybrid fertility, hybrids were backcrossed to either of the parental species. There 387 was no effect of parental species on F 1 hybrid fertility (GLMM, z 1,99 = 1.21, P = 0.228) so subsequent 388 statistics were performed on combined data of these crosses. Among the few hybrids produced in 389 crosses between D. montana females and D. flavomontana males, only three females mated and two 390 of them were fertile (Fig. 3E ). Crosses between D. flavomontana females and D. montana males 391 produced 106 F 1 hybrids and, while 101 mated to parental species (Table 1) , all F 1 males were sterile 392 and at least half the F 1 females fertile (Fig. 3F ). Table S6 ). The asymmetry index (I APSI ) 412 showed that D. flavomontana females and D. montana males mated more than the flies of the reciprocal cross when individuals were from either Allopatry or Sympatry M, but not Sympatry F 414 (Fig. 4B , Table S6 ; see data for individual strain pairs in Table S7 ).
415
No-choice tests measured the strength of sexual isolation when individuals were offered only 416 heterospecific mating partners. In all population types, the proportion of mated D. flavomontana 417 females was higher than that of D. montana females (Fig. 4C, Table S6 ), indicating that D. 418 flavomontana females are less discriminating than D. montana females against heterospecific males.
419
The proportion of mated D. montana females was equally low in all population types (Table S6) , 420 while D. flavomontana females from Allopatry and Sympatry M mated more frequently with 421 heterospecific males than the ones from Sympatry F (Fig. 4C , Table S6 ). However, the proportion of Table S8 ). This isolation was asymmetrical, with females from Sympatry F mating less often with 440 males from Sympatry M than vice versa. Other comparisons showed no sexual isolation. 
Importance of sexual cues in species recognition / sexual selection 446
The importance of visual, auditory and olfactory cues in species-recognition and/or sexual selection 447 was studied by comparing flies' mating propensity between the control trial and the test trials where 448 the transmission of one or more cues was prevented. Visual signals did not play an essential role in 449 mating success in either species, as mating frequency was at the same level in light (control) and in 450 dark ( Fig. 5A and C, Table S9 ). However, the two species differed in the impact of auditory and 451 olfactory signals on mating success. D. montana females did not mate without hearing species-452 specific male courtship song (Fig. 6A, Table S9 ) whereas D. flavomontana females mated equally 453 often with control and wingless (muted) males of their own species (Fig. 6C , Table S9 ). Removal of 454 female antennae, which silenced both auditory and volatile olfactory cues, prevented mating in D. 455 montana, as expected given the results of auditory manipulation alone (Fig. 6A, Table S9 ), and 456 significantly reduced male D. flavomontana mating success (Fig. 6C, Table S9 ).
457
Nearly all interspecific matings occurred between D. flavomontana females and D. montana males in 458 trials where male wings or female antennae had been removed (Fig. 6D, Table S9 ). D. flavomontana females mated significantly more with wingless than with normal D. montana males (Fig. 6D , Table   460 S9), i.e. hearing a heterospecific song decreased their willingness to mate more than silence. Overall, 
Divergence in important sexual cues within and between species 472
Divergence of important sexual cues, including male courtship song and CHCs, was studied between 473 conspecific populations and between species. Variation in male song traits within and between 474 species is illustrated with a principal component analysis plot (Fig. 7B ). The first two components courtship songs showed clear divergence between the species, while differences within the species were 507 relatively small. (B) CHCs varied both within and between the species with species differences being greatest 508 in sympatric populations. In addition, sex differences were higher within D. flavomontana than within D. 509
montana. 510
The most influential CHC substances for the chemical dissimilarities between species and between 511 sexes within species in each population type were defined using random forest analysis (Table 1, indicates a signal function of these compound classes. The relative amounts of these compounds were 516 higher in males than in females (Table S14 ).
B Cuticular hydrocarbons (CHCs)
A Male courtship song Table 1 . The most influential CHC substances based on random forest analysis (see Fig. S2 ). Most of the 518 compounds included alkenes with different numbers of carbons and different double-pond positions in a chain, 519 while in D. flavomontana sympatric populations class of 2-methyl-branched alkanes and/or alkadienes have a 520 large contribution on sex differences. Table S15 ). Allopatric and Sympatry F D. flavomontana females stored sperm equally well 529 regardless of whether it was received from con-or heterospecific males, while Sympatry M females 530 had fewer sperm when mating with heterospecific than conspecific males (Fig. 8A , Table S15 ). Also, 531 in interspecific crosses, sperm was more successfully transferred and stored in D. flavomontana than 532 in D. montana females in all population types (Fig. 8A , Table S15 ). Table S15 ). Also, in interspecific crosses, proportion of hatched eggs was higher in D. flavomontana than in D. montana females in Allopatry, but not in sympatries ( Fig. 8A , Table   546 S15). The low proportion of hatched eggs in crosses between D. flavomontana females and D. montana 558 males was due to fertilization failure rather than fertilization followed by genetic incompatibility (Fig.   559 9). On average, only 1.3 -5.1 % of the eggs were developing and eggs that failed the development 560 criteria did not contain sperm. This PMPZ barrier was 4.1 and 3.9 times stronger in Sympatry M than 561 in either Allopatry or Sympatry F, respectively, but Sympatry F did not differ from Allopatry (Fig. 9 , 562   Table S16 ). and Allopatric males, compared to the other crosses for the given female types (Fig. 10 , Table S17 ).
572
As in interspecific crosses, none of the non-developing eggs contained sperm. isolation is not complete, and producing interspecific hybrids is costly. In our study, postzygotic 627 the Rocky Mountains. Even though some of the populations may have been sympatric or allopatric 745 for a shorter time than the others, comparisons between population types show clear signs of 746 reinforcement. As Coyne and Orr (1997) state, the striking increase in prezygotic isolation seen in 747 virtually all sympatric taxa suggests that the effect of sympatry is not only profound but also rapid.
748
In conclusion, reinforcement has been shown to play a key role both in enhancing and strengthening 749 existing species boundaries, and the field of speciation is now beginning to evaluate not only the 750 conditions under which reinforcement occurs but also its broader evolutionary and ecological 751 consequences (Pfennig 2016) . Speciation research also needs to consider the origin of barrier effects 752 and the ways in which they are coupled, as strong barriers to gene flow will evolve only if multiple 753 barrier effects coincide (Butlin and Smadja 2018) . We show here that the target of reinforcement may 754 change from sexual isolation to PMPZ barriers, if female discrimination towards heterospecific males 755 decreases when the females are from the rarer species, and that the consequences of this change also 756 can be detected between conspecific populations. Accordingly, we argue that the reliance of 757 reproductive isolation on multiple barriers is also beneficial because the barriers can compensate each 758 other in situations where reinforcement of some barriers is restricted. 
